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nitrogen oxides, carbonaceous and
crustal-related particles.  SO2 is emit-
ted mostly from the combustion of
fossil fuels in boilers operated by
electric utilities and industry.  Less
than 20 percent of SO2 emissions
nationwide are from other sources,
mainly  industrial processes and
mobile sources.  NOx emissions are
more evenly divided between station-
ary source and onroad mobile source
fuel combustion, accounting for al-
most 80 percent of SO2 emissions.
Nonroad mobile sources account for
most of the remaining emissions. SO2

and NOx combine with ammonia in
the atmosphere under certain condi-
tions to form ammonium sulfate and
nitrate particles. Animal husbandry,
mobile sources, fertilizer application
and industrial processes are the main
sources of ammonia, with animal
husbandry contributing about 80
percent of the emissions.  The main
sources of carbonaceous particles are
biomass and fossil fuel combustion
with the open burning of biomass
accounting for about one-third of the
carbonaceous material emissions.
Other important categories are mo-
bile sources, various industrial pro-
cesses, residential wood stoves and
fireplaces, and organic soils and plant
materials.  Principal mobile sources
include both on and off road diesels,
gasoline engines, aircraft,  railroads,
and ships.  The main sources of crust-
al particles are roads, construction
and agriculture, but as discussed
earlier, some of the crustal materials
reported in Figures 2-55 and 2-56
come from combustion emissions.
High wind events also can contribute
large quantities of crustal materials to
the air.  However, since wind events
are of  relatively short duration, they
are not included in annual emission
estimates such as the NEI.  While

Figure 2-55. PM2.5 ambient composition.

Notes:

See Appendix B for a full discussion of data sources.

PM2.5 mass concentrations are determined using at least 1 year of monitoring at each
location using a variety of sampling methods. They should not be used for comparisons to
the PM2.5 NAAQS.
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Figure 2-56.  PM2.5 emission sources.

Note:
Composition and source contributions vary among urban areas.  Also, some carbonaceous material is formed from
organic gases reacting in the atmosphere.  The magnitude of these "secondary" organics is believed small but  more
studies are needed by the research community.

Ammonium sulfate particles are formed from emissions of gaseous SO2
(and also SO3 and sulfuric acid aerosols) emitted mostly from utility and
industrial boilers and to a lesser degree from certain industrial processes
and mobile sources.

Ammonium nitrate particles are formed from emissions of gaseous NOx
emitted mostly from utility and industrial boilers but also from highway and
off highway mobile sources and to a lesser degree, biogenic and
miscellaneous combustion sources and certain industrial processes.

Ammonium sulfate and nitrate particles are formed from emissions of SO2
and NOx reacting with gaseous ammonia.  Emission sources are animal
husbandry, fertilizer manufacturing and application and to a lesser degree
from mobile sources, and other combustion and industrial processes.

Carbonaceous particles are emitted directly and as condensed liquid
droplets from fuel combustion, burning of forests, rangelands and fields;
off highway and highway mobile sources (gas and diesel); and certain
industrial processes.

Particles emitted directly from non industrial surface (e.g., paved and
unpaved road traffic, construction, agricultural operations, high wind
events) and some industrial processes.
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crustal materials are the predominant
component of PM10, Figure 2-56
shows that PM2.5 is predominantly
comprised of secondary particles and
directly emitted carbonaceous parti-
cles.  The composition (and thus the
sources) of PM2.5 and PM10 are mark-
edly different because most of the
crustal material particles are larger
than 2.5 micrometer  aerodynamic
diameter while almost all of the sec-
ondary particles and directly emitted
carbonaceous particles are smaller
than 2.5 micrometers.

Used together, Figures 2-55 and
2-56 can give a qualitative feel for the
combined influence of specific source
types on ambient PM2.5 overall (e.g.,
fuel combustion in boilers, organic
and inorganic industrial processes,
highway and off highway mobile

sources, open burning of waste/
biomass and fugitive dust).  For ex-
ample, Figure 2-56 shows that fuel
combustion in boilers contributes
significantly to both sulfate and car-
bonaceous mass.  Figure 2-57 shows
that both sulfate and carbonaceous
particles are found in abundance in
PM2.5 in the east and that carbon-
aceous particles are also abundant in
the west.  Thus, one could conclude
that fuel combustion in boilers is a
significant contributor to PM2.5 in the
ambient air.  In contrast, one could
conclude that fugitive dust sources
do not play a particularly important
role in ambient air samples of PM2.5.
It is important to note, however, that
PM10 crustal particles have been
shown to be significant contributors
to visibility impairment in the west-
ern United States.34

Figure 2-57.  Direct PM2.5 emissions density by county, 1999.

National Trends in PM2.5
Emissions
Figure 2-57 shows the emission densi-
ty for PM2.5 in each U.S. county. PM2.5

emission density is the highest in the
eastern half of the United States, in
large metropolitan areas, areas with a
high concentration of agriculture
such as the San Joaquin Valley in
California and along the Pacific coast.
This closely follows patterns in popu-
lation density. One exception is that
open biomass burning is an impor-
tant source category that is more
prevalent in forested areas and in
some agricultural areas. Fugitive dust
is a lower fraction of PM2.5 emissions
than they are for PM10.

Figure 2-58 shows that total direct
PM2.5 emissions decreased 12 percent
between 1990 and 1999, which is a
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Figure 2-59.  Direct PM2.5 emissions from traditionally inventoried source categories,
1999.

Figure 2-58.  National direct PM2.5 emissions trend, 1990�1999 (traditionally
inventoried sources only).

similar 10-year trend to that for PM10.
The relative source contribution to
PM2.5 versus PM10 is different, as
shown in Figures 2-59 and 2-60.
When both traditionally inventoried
and miscellaneous categories are con-
sidered together, combustion sources
account for a higher percentage of total
emissions for PM2.5 than for PM10.

As discussed earlier, ammonia is
important in explaining the formation
of sulfate and nitrate. Figure 2-61 is a
pie chart showing 1999 NH3 emissions
by source category. It shows that live-
stock (and to a lesser extent fertilizer
application) are the most important
NH3 sources, accounting for 87 percent
of total ammonia emissions.

Characterizing Coarse Fraction
PM Air Quality
An approximation of course fraction
PM can be obtained by subtracting
PM2.5 from PM10 at collocated FRM
monitors.  Since the protocol for each
monitor is not identical, the resulting
estimate should be viewed with cau-
tion.  A more complete and accurate
view of PM10–2.5 values can be ob-
tained by nationwide deployment of
PM10 and PM2.5 monitors that use an
equivalent monitoring protocol.  Fig-
ure 2-62 shows estimated annual
mean PM10–2.5 and Figure 2-63 shows
the estimated 98th percentile 24-hour
average PM10–2.5 developed from 1999
FRM monitor data.  The limited data
show that annual mean concentra-
tions vary widely, with higher con-
centrations in several areas of the
Midwest and southern California.  A
similar pattern emerges for the esti-
mated 98th percentile 24-hour average
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Figure 2-60.  Total direct PM2.5 emissions by source category, 1999.

Figure 2-61.  National ammonia emissions by principal source categories, 1999.

PM10–2.5 concentrations.  Though the
Southeast data is relatively incom-
plete, preliminary estimates suggest
relatively low PM10–2.5 levels through-
out that region.
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Figure 2-63.  Estimated 1999 98th percentile 24-hour average PM10�2.5 developed from 1999 FRM monitor data.

Figure 2-62.  Estimated 1999 annual mean PM10�2.5.
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Sulfur Dioxide

Air Quality Concentrations
1980-99 50% decrease
1990-99 36% decrease
1998-99 2% decrease

Emissions
1980-99 27% decrease
1990-99 20% decrease
1998-99 3% decrease

Worth Noting:
� Steady 20-year improvement has
reduced SO2 ambient concentrations by
one-half and emissions by one-third.

� Phase II of the Acid Rain Program was
implemented in 2000 and should result in
significant new reductions.

Nature and Sources
Sulfur dioxide (SO2) belongs to the
family of sulfur oxide (SOx) gases.
These gases are formed when fuel
containing sulfur (mainly coal and
oil) is burned, and during metal
smelting and other industrial process-
es.  The highest monitored concentra-
tions of SO2 have been recorded in the
vicinity of large industrial facilities.

Health and Environmental Effects
High concentrations of SO2 can result
in temporary breathing impairment
for asthmatic children and adults
who are active outdoors.  Short-term
exposures of asthmatic individuals to
elevated SO2 levels while at moderate
exertion may result in reduced lung
function that may be accompanied by
symptoms such as wheezing, chest
tightness, or shortness of breath.
Other effects that have been associat-
ed with longer-term exposures to
high concentrations of SO2, in con-
junction with high levels of PM, in-

clude respiratory illness, alterations
in the lungs’ defenses, and aggrava-
tion of existing cardiovascular dis-
ease.  The subgroups of the
population that may be affected un-
der these conditions include individ-
uals with cardiovascular disease or
chronic lung disease, as well as chil-
dren and the elderly.

Additionally, there are a variety of
environmental concerns associated
with high concentrations of SO2.
Because SO2, along with NOx, is a
major precursor to acidic deposition
(acid rain), it contributes to the acidi-
fication of soils, lakes and streams
and the associated adverse impacts
on ecosystems (see Chapter 7, Atmo-
spheric Deposition of Sulfur and
Nitrogen Compounds).  Sulfur diox-
ide exposure to vegetation can in-
crease foliar injury, decrease plant
growth and yield, and decrease the
number and variety of plant species
in a given community.  Sulfur dioxide
also is a major precursor to PM2.5

(aerosols), which is of significant
concern to human health (as dis-
cussed in the particulate matter sec-
tion of this chapter), as well as a main
pollutant that impairs visibility (see
Chapter 6, Visibility Trends).  Finally,
SO2 can accelerate the corrosion of
natural and man-made materials
(e.g., concrete and limestone) which
are used in buildings and monu-
ments, as well as paper, iron-contain-
ing metals, zinc and other protective
coatings.

Primary and Secondary
Standards
There are both short- and long-term
primary NAAQS for SO2.  The
short-term (24-hour) standard of 0.14
ppm (365 µg/m3) is not to be exceed-
ed more than once per year.  The
long-term standard specifies an annu-

al arithmetic mean not to exceed
0.030 ppm (80 µg/m3).  The second-
ary NAAQS (3-hour) of 0.50 ppm
(1,300 µg/m3) is not to be exceeded
more than once per year. The stan-
dards for SO2 have undergone peri-
odic review, but the science has not
warranted a change since they were
established in 1972.

National 10-Year Air Quality
Trends
The national composite average of
SO2 annual mean concentrations
decreased 36 percent between 1990–
1999 as shown in Figure 2-64, with
the largest single-year reduction (16
percent) occurring between 1994 and
1995.30  The composite trend has since
leveled off, declining only 3 percent
from 1998–1999.  This same general
trend is seen in Figure 2-65, which
plots the ambient concentrations
grouped by rural, suburban, and
urban sites.  It shows that the mean
concentrations at the urban and sub-
urban sites are consistently higher
than those at the rural sites.  Howev-
er, the 1994–1995 reduction in the
concentrations at non-rural sites does
narrow the gap between the trends.
The greater reduction seen in the
non-rural sites reflects the fact that
the proportion of non-rural sites is
greater in the eastern United States,
which is where most of the 1994–1995
emissions reductions at electric utili-
ties occurred.34  The national compos-
ite second maximum 24-hour SO2

annual mean concentrations de-
creased 38 percent between 1990 and
1999, as shown in Figure 2-64 with
the largest single-year reduction (25
percent) occurring between 1994 and
1995.  See also Chapter 7, Atmospher-
ic deposition of Sulfur and Nitrogen
Compounds.  A map of 1999 SO2
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Figure 2-65.  Annual mean SO2 concentration by trend location, 1980�1999.

Figure 2-64.  Trend in annual mean SO2 concentrations, 1980�1999.monitor locations may be found in
Figure B-6 in Appendix B.

National Emissions Trends
National SO2 emissions decreased 20
percent between 1990 and 1999, with
a sharp decline between 1994 and
1995, similar to the decline in the
ambient concentrations.  Unlike the
air quality trend, however, the emis-
sions trend remains essentially level
from 1996–1999, as shown in Figure
2-66.  This dramatic reduction in 1995
was caused by implementation of the
Acid Rain Program; subsequent year-
to-year variations are driven in part
by the yearly changes in emissions
from the electric utility industry.  The
electric utility industry accounts for
most of the fuel combustion category
in Figure 2-67.  In particular, the coal-
burning power plants have consis-
tently been the largest contributor to
SO2 emissions, as documented in
Table A-8 in Appendix A. See also
Chapter 7, Atmospheric Deposition of
Sulfur and Nitrogen Compounds.

The Acid Rain Program
The substantial national reductions in
SO2 emissions and ambient SO2 and
sulfate concentrations from 1994–
1999)  are due mainly to Phase I im-
plementation of the Acid Rain
Program.  Established by EPA under
Title IV of the CAAA, the Acid Rain
Program’s principal goal is to achieve
significant reductions in SO2 and NOx

emissions from electric utilities.
Phase I compliance for SO2 began in
1995 and significantly reduced emis-
sions from the participating utilities.35

Table 2-6 shows this reduction in terms
of  units required to participate in
Phase I and other units.

Between 1996–1998 total SO2 emis-
sions from electric utilities  have in-
creased slightly, compared to 1995.  In

Note:  When the total number of rural, suburban, and urban sites are summed for either the
1980�89 or 1990�99 time periods in Figure 2-26, this number may not equal the total
number of sites shown in Figure 2-25 for the same time periods. This is due to a few
monitoring sites falling outside the definitions of rural, suburban, or urban sites.
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1999, however, total SO2 emissions
have decreased, matching 1995 levels.
Again, Table 2-6 explains this increase
in terms of  Phase I units and Non-
Phase I units.  Most Phase I plants
over-complied in Phase I (1995–1999),
banking their SO2 allowances for use
in Phase II,  resulting in significant
early reductions.  However, some
Phase I units did increase their emis-
sions during these years, compared to
1995.  Since Phase I units account for
only 18 percent of the total 1996–1998
increase, the majority of the increase
is attributed to those units not yet
participating in the Acid Rain Pro-
gram until Phase II, which began in
2000.  When fully implemented, total
SO2 emissions from electric utilities
will be capped at 8.95 million tons
per year under the Acid Rain Pro-
gram.  For more information on the
Acid Rain Program, visit http://
www.epa.gov/airmarkets.  See also
Chapter 7, Atmospheric Deposition of
Sulfur and Nitrogen Compounds.

National 20-Year Air Quality
Trends
The progress in reducing ambient SO2

concentrations during the past 20
years is shown in Figure 2-68.  While
there is a slight disconnect in the
trend line between 1989 and 1990 due
to the mix of trend sites in each
10-year period, an overall downward
trend is evident.  The national 1999
composite average SO2 annual mean
concentration is 50 percent lower
than 1980.  In addition to the previ-
ously mentioned effects of the Acid
Rain Program, these steady reduc-
tions over time were accomplished by
installing flue-gas control equipment
at coal-fired generating plants, reduc-
ing emissions from industrial pro-
cessing facilities such as smelters and
sulfuric acid manufacturing plants,

Figure 2-66.  National total SO2 emissions trend, 1980�1999.

Figure 2-67.  SO2 emissions by source category, 1999.
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Figure 2-68.  Long-term ambient SO2 trend, 1980�1999.

Table 2-6. Total SO2 Emissions from Phase I and Non-Phase I Acid Rain Sources:
1990�1999 (million tons).

1990*** 1995 1996 1997 1998 1999

Phase I (Table I) Units* 8.7 4.455 4.765 4.769 4.66 4.348
Non-Phase I Units** 7.03 7.408 7.749 8.209 8.474 8.104
All Electric Utility Units 15.73 11.863 12.514 12.978 13.134 12.452

* does not include substitution, compensating and opt-in units
** includes substitution, compensating, opt-in and Phase II units
*** Acid Rain phased requirements began in 1995

Allowances issued/allowable
emissions for 263 Phase I units.

SO2 Emissions from Title IV Sources

reducing the average sulfur content
of fuels burned, and using cleaner
fuels in residential and commercial
burners.

Regional Air Quality Trends
The map of regional trends in Figure
2-69shows that ambient SO2 concen-
trations are generally higher in the
eastern United States.  The effects of
Phase I of the Acid Rain Program are
seen most vividly in the northeast.  In
particular, concentrations fell 20–25
percent between 1994 and 1995 in
EPA Regions 1, 2, 3, and 5.  These
broad regional trends are not surpris-
ing since most of the units affected by
Phase I of the Acid Rain Program also
are located in the east as shown in
Figure 2-70  This figure also shows
that ambient concentrations have
increased slightly between 1995 and
1997 in Regions 3 and 4 where many
of the electric utility units not yet
affected by the Acid Rain Program
are located.

1999 Air Quality Status
The most recent year of ambient data
shows that all counties did meet the
primary SO2 short-term standard,
according to Figure 2-71.
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Figure 2-70.  Plants affected by the Acid Rain Program.

Figure 2-69.  Trend in SO2 annual arithmetic mean concentration by EPA region, 1980�1999.

Alaska is in EPA Region 10; Hawaii, EPA Region 9; and Puerto Rico, EPA Region 2.
Concentrations are ppm.

Note:  These trends are
influenced by the
distribution of monitoring
locations in a given region
and, therefore, can be
driven largely by urban
concentrations.  For this
reason, they are not
indicative of background
regional concentrations.
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Figure 2-71.  Highest 2nd maximum 24-hour SO2 concentration by county, 1999.
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